Background: External chest compression is considered to play a significant role in cardiopulmonary resuscitation (CPR), but during a rhythm check, chest compressions must be discontinued to avoid artifacts. A new multifunctional electrocardiograph (ECG; Radarcirc™) has been developed for use in clinical settings.
he importance of external chest compressions during cardiopulmonary resuscitation (CPR) was more strongly emphasized at the International Consensus Conference on Cardiopulmonary Resuscitation and Emergency Cardiovascular Care Science, and in the 2005 American Heart Association (AHA) guidelines for CPR and emergency cardiovascular care, than in preceding guidelines. 1-8 However, during a cardiac rhythm check, chest compressions must be discontinued in order to avoid electrocardiograph (ECG) artifacts. 9- 14 A new multifunctional ECG, Radarcirc™ (Dainippon Sumitomo Pharma Co, Ltd, Osaka, Japan), has been developed for use in clinical settings that are subject to sudden impacts and vibrations, which, together with movement of the patient's body, can influence the accuracy of ECG output. Radarcirc™ uses the Fluclet analytical system to enable accurate rhythm assessment and to reduce movement interference. 15, 16 Although Radarcirc™ has been used in various emergency settings, including those where patients are transported in motor vehicles and where clinical tests are performed, the influence of artifacts generated by CPR (particularly those generated by chest compressions) has not been assessed for this device.
In the present study, we compared the performance of the Radacirc™ multifunctional ECG with that of a conventional ECG (CoECG) in the CPR setting.
Methods

Patient Population
We studied ECG data from a total of 41 patients with cardiopulmonary arrest who were directly transported to The Trauma and Critical Care Center of Teikyo University Hospi-SHIMPUKU G et al.
tal School of Medicine, Tokyo, by ambulance between April and December 2007. The patient group comprised 27 males (65.9%) and 14 females (34.1%) with an average age of 70±12 years (range 35-95 years). We excluded patients with traumatic cardiopulmonary arrest, children under 12 years of age, and patients with do-not-attempt-resuscitation orders.
The protocol of a non-randomized, sequential self-controlled study was approved by the ethics board of Teikyo University Hospital. However, we could not explain the study's protocol to the patients before the study, because they were being transported by ambulance, and their relatives were very agitated.
Protocol
After patients had been transported to hospital by ambulance, they were administered CPR by the advanced cardiovascular life support (ACLS) team in accordance with the 2005 AHA guidelines. We checked the patients were in cardiopulmonary arrest not only by ECG, but also by checking for a carotid pulse.
We obtained ECG data using a CoECG and a multifunctional ECG simultaneously. The CoECG comprised a conventional ECG (Dynascope DS-7100™; Fukuda Denshi Co, Ltd, Tokyo, Japan) and electrodes (Carbonrode II™; Fukuda Denshi Co, Ltd). The multifunctional ECG comprised a multifunctional ECG (Radarcirc™; Dainippon Sumitomo Pharma Co, Ltd) and a repositionable monitoring electrode (Red Dot™; 3M Health Care). For the multifunctional ECG system, disposable ECG electrode cover tapes (Echodrape M™; Fukuda Denshi Co, Ltd) were placed over the electrodes. The electrodes of the CoECG system were fastened to 3 areas of the patient's body (the right and left subclavicular areas, and the lowest left rib). Close by (<5 cm), the electrodes of the multifunctional ECG were fastened to 4 areas (the right and left subclavicular areas, and the lowest left and right ribs).
In accordance with the 2005 AHA guidelines, 1 cycle of CPR comprised 30 chest compressions and 2 ventilations. On admission, during chest compressions in the 5 h cycle and just after the compression, we checked the cardiac rhythm and recorded it using both ECG monitoring systems. Recording time was within approximately 10 s, and did not disrupt CPR. Lead I and II recordings were obtained using the CoECG (CoI and CoII, respectively) and the multifunctional ECG (RI and RII, respectively) (Figure 1) . When the cardiac rhythm changed during CPR, we measured it as another waveform.
Next, we measured the distance between the highest and lowest points of artifacts generated by chest compressions, using ECG tracings of the rhythm during chest compressions, to obtain the amplitude of the artifacts (Figure 2) . Amplitudes are presented as median values.
After finishing all medical treatment and CPR, 5 cardiovascular specialists made their diagnoses on the basis of the ECG tracings. They worked as cardiologists in the hospital, but were separate from our department. They did not all check the rhythm at the same time nor could they make suggestions to our medical team. They were told whether chest compressions were being performed at the time of the ECG, but not which ECG was used to obtain the data.
Based on the ECG data, ventricular fibrillation (VF) was diagnosed if there were no normal QRS, P, and T waves, and a swinging baseline, with no carotid pulse; asystole was diagnosed if the baseline was flat, after checking the type of leads, the sensitivity of the monitors, and the lack of damage to the leads, with no carotid pulse. In this study, asystole included "P-wave asystole" in which persistent atrial activity exists without any ventricular response, and "agonal "or idioventricular electrical complexes that appear at a rate of less than 6/min. The cardiologists diagnosed pulseless electrical activity (PEA) if there were several waves, other than VF Figure 1 . Schedule for measurements and assessment of rhythm types. On admission, during chest compression in the fifth cycle and just after the compression, we checked the cardiac rhythm and recorded these with the both monitoring systems. Lead I and II recordings were obtained using the Conventional electrocardiographic system and the Multifunctional electrocardiographic system. CPR, cardiopulmonary resuscitation.
Chest Compression During Rhythm Check
and asystole, and no carotid pulse. PEA sometimes includes normal activity on the ECG monitor, but no carotid pulse. 17 If a diagnosis could not be made because of artifacts from the chest compressions, the ECG data was regarded as 'unclassified'.
Endpoints
As the primary endpoint, we compared the accuracy of the diagnoses based on the RII and CoII data during chest compressions, relative to the diagnoses based on the CoII ECG data without chest compressions.
As a secondary endpoint, we compared the accuracy of diagnoses based on the RI and CoI data, and compared the amplitude of the artifacts in the RI and RII data with those in the CoII and CoI data (with chest compressions in all cases). SHIMPUKU G et al.
Statistical Analysis
Five diagnoses were obtained for each ECG data set, because the 5 cardiologists diagnosed individually. When the diagnosis during chest compressions was same as the diagnosis with CoII without chest compression, we judged that the diagnosis was true and that it could be made during chest compressions without artifacts. We judged "unclassified" as untrue. Diagnostic accuracy during chest compression consisted of several parts. For asystole, PEA, and VF waveforms, we calculated the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). We averaged the numbers for the cardiologists who made a true diagnosis. The highest value was 5 and the lowest was 0. The ability to make the same diagnosis as with CoII without chest compression was calculated by measuring the area under the receiver-operating characteristic curve (AUC). The Wilcoxon matchedpairs test was used to assess the significance of differences in artifact amplitude, with significance set at P<0.05.
Results
We obtained 50 ECG tracings in CoII, RI, and RII from 41 patients, because 9 ECGs of 9 patients changed during CPR. Of these, there were 27 cases of asystole, 18 of PEA and 5 of VF diagnosed from the CoII data without chest compression. We obtained 27 ECG tracings in CoI during chest compressions, because ECG data of 14 patients could not be recorded at the same time, or CPR had priority over the recording. Of these, there were 12 cases of asystole, 11 of PEA, and 4 of VF. None of the CoI ECGs changed during CPR. In this study, the ACLS team performed high-quality CPR without incident (ie, interrupted CPR or disconnected leads).
18-21
Assessing these ECG tracings individually, the 5 cardiovascular specialists analyzed a total of 250 CoII, RI and RII data and 135 CoI data sets each ( Table 1) .
The overall predictive accuracy for all types of waveforms was 24.4% for CoII, and 59.2% for RII. In CoII for VF, the sensitivity was 0, specificity was 0.96, PPV was 0, 
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NPV was 0.90, and the AUC was 0.448 (95% confidence interval (CI) 0.274-0.622) ( Table 2 ). In RII for VF, the sensitivity was 0.68, specificity was 0.86, PPV was 0.65, NPV was 0.96, and the AUC was 0.797 (95%CI 0.684-0.910). In CoII for PEA, the sensitivity was 0.41, specificity was 0.77, PPV was 0.50, NPV was 0.70, and the AUC was 0.599 (95%CI 0.521-0.678). In RII for PEA, the sensitivity was 0.78, specificity was 0.75, PPV was 0.64, NPV was 0.86, and the AUC was 0.743 (95%CI 0.679-0.807). In CoII for asystole, the sensitivity was 0.18, specificity was 0.94, PPV was 0.77, NPV was 0.49, and the AUC was 0.634 (95%CI 0.535-0.732). In RII for asystole, the sensitivity was 0.46, specificity was 0.97, PPV was 0.94, NPV was 0.60, and the AUC was 0.769 (95%CI 0.709-0.829). 64-year-old woman. In both the RI and RII tracings, the waveform of the rhythm with chest compressions was consistent with that of the rhythm with no chest compressions. In this case, a diagnosis of asystole was possible during chest compressions. (b) 65-year-old man. In both the RI and RII tracings, the waveform of the rhythm with chest compressions was consistent with that of the rhythm with no chest compressions. In this case, a diagnosis of pulseless electrical activity was possible during chest compressions with no carotid pulse clinically. (c) 68-year-old man. In the RI and RII tracings, the waveform of the rhythm with chest compression was consistent with that of the rhythm without chest compression. In this case, a diagnosis of ventricular fibrillation was possible during chest compression.
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The overall predictive accuracy for all types of waveforms was 17.0% for CoI, and 84.8% for RI. In CoI for VF, the sensitivity was 0, specificity was 0.95, PPV was 0, NPV was 0.85, and the AUC was 0.422 (95%CI 0.219-0.626). In RI for VF, the sensitivity was 0.76, specificity was 1.0, PPV was 1.0, NPV was 0.97, and the AUC was 0.987 (95%CI 0.975-1.00). In CoI for PEA, the sensitivity was 0.33, specificity was 0.59, PPV was 0.41, NPV was 0.77, and the AUC was 0.456 (95%CI 0.356-0.556). In RI for PEA, the sensitivity was 0.94, specificity was 0.86, PPV was 0.79, NPV was 0.97, and the AUC was 0.880 (95%CI 0.831-0.929).
The amplitudes of the artifacts were as follows: 1.75 (1.23-2.00) mV for CoI, 2.20 (1.28-3.00) mV for CoII, 0.20 (0.00-0.20) mV for RI, and 0.40 (0.20-0.80) mV for RII. The Wilcoxon matched-pairs test (P<0.05) showed that artifacts were significantly smaller (P<0.0001) in the RI and RII data with chest compression compared with both CoI and CoII data with chest compression, and there was a significant difference between the RI and RII data (Figure 3) .
The average number of cardiologists making a true diagnosis for VF was 0 for CoI, 0 for CoII, 3.8 for RI, and 3.4 for RII; for PEA it was 1.6 for CoI, 2.1 for CoII, 4.7 for RI, and 3.9 for RII; and for asystole it was 0.4 for CoI, 0.9 for CoII, 4.0 for RI, and 2.3 for RII. Figure 4 shows representative cardiac rhythm tracings. In both the RI and RII tracings from a 64-year-old woman, the waveform of the rhythm with chest compressions was consistent with that of the rhythm with no chest compression, so in this case, a diagnosis of asystole was possible during chest compressions (Figure 4a) . In both RI and RII tracings from a 65-year-old man, the waveform of the rhythm with chest compressions was consistent with that of the rhythm with no chest compression, so a diagnosis of PEA was possible during chest compressions with no carotid pulse clinically (Figure 4b) . In both the RI and RII tracings obtained from a 68-year-old man, the waveform of the rhythm with chest compressions was consistent with that of the rhythm without chest compressions, so in this case, a diagnosis of VF was possible during chest compressions (Figure 4c) .
Discussion
In the present study, tracings from a multifunctional ECG had significantly (P<0.0001) smaller artifacts during chest compressions relative to the CoECG. We propose some factors responsible for this reduction in artifacts.
The first factor the use of the Fluclet analytical system in the multifunctional ECG. 15, 16 The Fluclet software was developed with a focus on accurate real-time detection of the P, Q, R, S, and T peaks that characterize ECGs. 15 The software uses a detection principle known as the "sandwich method", which is based on the ostensibly disadvantageous feature of the infinite impulse response (IIR) digital filter whereby the response is delayed relative to the original signal. The IIR digital filter is typically used to smooth out ECG waves that contain artifacts. Two waves generated by 2 IIR digital filters with different time delays are superimposed onto the original wave, in order to find a domain where both waves generated by the digital filters ascend. The highest value in the original wave within the identified domain is then recognized as the peak of a particular ECG wave. The negative peak of a particular ECG wave can be detected by finding the domain where both of the superimposed waves output by the digital filters descend and designating the lowest value in the original wave as the negative peak. This method enables accurate detection of peaks of particular ECG waves, even when baseline drifts are caused by impacts and vibrations, or when loud noises have occurred during recording. Because the ECG contains different frequency band components in 1 pulse, the peaks of particular ECG waves can be accurately detected by preparing the outputs for each component using IIR digital filters corresponding to each frequency band.
The second factor relates to lead choice. In the present study, artifacts were significantly less prevalent for lead I than lead II with both types of ECG. This is likely to be because the vector direction of measurement for lead I is not overly impinged upon by chest compression. With respect to diagnostic performance during chest compressions, lead I performed better for the multifunctional ECG, whereas lead II performed better for the CoECG. The reason for this result is not clear; however, it seems that diagnostic accuracy during chest compressions can be maximized by analyzing leads I and II in an integrated manner.
The overall predictive accuracy for all types of waveforms was 84.4% for RI, and 59.2% for RII. The predictive accuracies for VF were 76.0% for RI and 68.0% for RII; for PEA they were 94.4% for RI and 77.8% for RII; and for asystole they were 79.3% for RI and 45.9% for RII. The predictive accuracy for each waveform for RI was higher than for RII, because of the lower amplitude of the artifacts for RI. Comparing each patient, the amplitudes of the artifacts were very different from each other, because of manual chest compression. Comparing each waveform, the predictive accuracy for PEA was higher than for VF and asystole, for both RI and RII. The diagnosis of PEA might be easy, because PEA has several waves that are more similar to normal waves than do VF and asystole. When the waveform looked like asystole, the small artifact was diagnosed as PEA by some cardiologists. When the waveform looked like VF, the cardiologists diagnosed it as unclassified. This misdiagnosis for RI was smaller than for RII. Using RI for PEA is recommended rather than RII.
Gilmore et al proposed a model of cardiopulmonary arrest with VF that comprises 3 phases: the electrical, circulatory, and metabolic phases. 22 Ideally, defibrillation should be instituted as soon as possible, in the electrical phase of VF. If the cardiac rhythm indicates that the arrest is in the electrical phase, and if a diagnosis of VF is possible using a multifunctional ECG during chest compression, the decision to perform defibrillation can be made early, and the defibrillator can be charged while chest compressions are performed, reducing the time to defibrillation. During the circulatory phase, tissue oxygenation is prioritized in order to achieve successful defibrillation. If the arrest is shown to be in the circulatory phase, chest compressions can be continued with little or no interruption, which may be beneficial for tissue oxygenation and may improve the resuscitation rate. If it becomes possible to distinguish between the electrical and circulatory phases, diagnoses will be able to be made during chest compression and appropriate treatment strategies selected according to the waveform detected.
Study Limitations
Only 135 CoI data sets were obtained from 27 ECGs, because CPR was prioritized over the recording. This is a limitation of clinical field studies. Another limitation is the small number of cases, especially VF. To succeed in resuscitation by defibrillation, quickly detecting patients in the electrical phase of VF is very useful with chest compressions. The
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second limitation is the way that the artifacts were created. In accordance with the 2005 AHA guidelines manual chest compression was performed, but this causes the artifact of each wave to be different. It may be better to use mechanical CPR in the hospital setting. The third limitation is the cover tapes. In the present study, electrode cover tapes were used with the multifunctional ECG electrodes, but not with the CoECG electrodes, in order to affix the electrodes firmly to the patient's body. The electrodes of the multifunctional ECG system were fastened to 4 areas of the body. In the emergency setting this would take more time than for the CoECG. The difference between lead I and lead II must be studied in future research.
Although future research and development in the field of multifunctional ECGs is expected to contribute to further reduction in ECG artifacts, more research is needed on identifying the electrical, circulatory, and metabolic phases of VF. It is also anticipated that this research will find application in the waveform analysis devices of automated external defibrillators.
Conclusion
Diagnoses based on the data from a new multifunctional ECG were more accurate in predicting rhythm during chest compressions than those based on the data from a CoECG. The multifunctional ECG had significantly smaller artifacts during chest compressions relative to the CoECG.
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